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Abstract

Barium titanate and BaTiO3-based multilayer capacitors were
sintered in a commercial microwave oven.

The oven was equipped

with a 2.45 GHz continuous-wave magnetron with a maximum power
output of 650 watts.
Microwave-absorbing setters made of SiC were used to offset
thermal losses from the samples and allow sintering temperatures
(>1325°C) to be achieved.

Pure samples were pressed from com

mercial BaTi03 powder and microwave sintered to about 90% of
theoretical density.

Multilayer capacitors were obtained from

commercial manufacturers and used in all sintering experiments.
A comparison between microwave sintered material and identical
samples sintered in a conventional electric furnace revealed no
difference in measured dielectric properties.
The temperature uniformity within the microwave oven and
the relative energy efficiency of the sintering process were also
examined.
An experimental design using a single-mode resonant cavity
for heating was proposed.
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I.

Introduct ion

The purpose of this study is to explore the potential use of
microwave radiation as an alternate heat source in sintering ceramics,
particularly BaTiOg-based materials.

The use of microwave energy in

heating applications has grown tremendously in the last fifteen years
as evidenced by the successful development and marketing of domestic
microwave ovens for home cooking.

Commercially, microwaves are being

used extensively as a source of heat energy in the vulcanization of
rubber, drying of textiles, and in an increasing number of important
industrial applications.

The principal advantage of using microwaves,

as opposed to conventional heating methods, has been the rapid heating
rates that have been obtained.

The higher heating rates are attractive

to businessmen because of the higher product throughput and to house
wives because of the decreased amount of time spent in food preparation.
While the energy efficiency associated with microwave heating has been
of secondary importance in past years, the recent world-wide decline
in energy supplies has demanded a closer look at the potential for
increased, energy conservation through the use of microwaves in thermal
processing applications.

The advantages of both rapid heating rates

and increased energy efficiency have prompted this study of high
temperature microwave sintering.
The choice was made to study pure BaTiOg and commercial BaTiOgbased multilayer capacitors in order to establish whether microwave
sintering might also prove to be advantageous in terms of temperature
control and uniformity.

It is well known that the electrical prop

erties of BaTiOg and commercial multilayer capacitors are extremely
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sensitive to firing procedures.

This has been explained in terms of

the effects of induced stresses within the polycrystalline ceramic due
to thermal processing.

The thermally induced stresses affect domain

orientation and lead to difficulties in the production of uniform and
consistent materials.

Because of this acute temperature sensitivity

and the unavoidable temperature gradients that exist in the large
electrically-heated tunnel kilns used to process commercial multi
layer capacitors, manufacturers are forced to use only a fraction of
their total kiln capacity to insure product uniformity.
A firing process utilizing microwaves, however, by its very
nature would seem to lend itself to greater temperature control.
Assuming the dimensions of the sample are not significantly greater
than twice the microwave penetration depth associated with the material,
microwave heating of the sample should be fairly uniform.

Ideally,

the incident microwave radiation is directly converted into thermal
energy within the ceramic.

This avoids the temperature gradients that

exist within a conventional kiln due to the complex interaction of
the conductive, convective, and radiative components of heat transfer
from heating elements external to the sample.

In addition, since

all of the thermal energy needed to heat a given sample is produced
within the sample itself, the massive refractories traditionally
required to support heating elements and to contain heat energy
should be reduced.

The reduced thermal mass of a microwave sintering

system would, therefore, aid in minimizing the temperature gradients
that currently plague commercial multilayer capacitor manufacturers
in their firing operation.

3

In order to use microwaves effectively for heating, it is
necessary that the sample to be heated exhibit significant dielectric
losses in the microwave frequency range.

Normally, the microwave

frequency band is assumed to extend from 1 to 100 GHz.

Dielectric

measurements made at room temperature have shown that losses are at
a maximum at microwave frequencies for BaTi0 3 «

This indicates that

at low temperatures BaTi03 should couple well with microwave radiation.
The dielectric losses at high temperatures, however, are equally
important for microwave sintering applications.

The best infor

mation available concerning BaTi03 at elevated temperatures shows
that losses at microwave frequencies decrease rapidly above the Curie
point and level off near 2Q0°C.^

Data for commercial capacitor

materials at temperatures above 200°C indicate that the loss tangent
increases continuously with temperature from 0°C to a maximum

2

measured temperature of 500°C„

Obviously, the choice of materials which are well suited for
microwave sintering is limited.

If the material is a good conductor,

like most metals, it will simply reflect the microwaves without
absorbing any energy.

Reflection occurs because of the difference in

impedance between the propagating medium, usually air, and the conductor.

The greater the impedance mismatch, the greater the degree

of reflection at the interface between the media.

Most insulators,

on the other hand, provide a good impedance match but do not exhibit
sufficient dielectric losses at microwave frequencies to be heated
effectively.

Therefore, classical insulators, like fused Si0 2 , are

nearly transparent to microwaves and transmit the radiation with

4

little attenuation.

While BaTiOg is considered a relatively good

insulator, its dielectric losses at microwave frequencies are high
enough to warrant further study for microwave sintering applications.
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II.

Loss Mechanisms in Ceramic Dielectrics

The ability to heat a ceramic dielectric with microwaves is
based on the existence of loss mechanisms within the material,,

These

losses are responsible for the absorption and conversion of microwave
energy into thermal energy which makes microwave heating possible.
While various loss mechanisms in dielectric materials occur through
out the electromagnetic spectrum, it is only the losses which pre
dominate at microwave frequencies that are of primary interest in
microwave heating and sintering processes.

Obviously, a knowledge

of dielectric loss mechanisms is fundamental to understanding
microwave sintering.
Dielectric losses are commonly referred to as relaxation
phenomena because of the frequency dependance of the loss mechanism.
As for mechanical energy losses, the maximum dielectric loss occurs
when the period of the relaxation process, whatever it may be, is the
same as the period of electromagnetic radiation.

When the relax

ation time is large compared with the period of the oscillating
electric and magnetic fields, losses are small.

Similarly, when

the relaxation process is rapid compared with the frequency of the
incident radiation, losses are small.

Therefore, only certain loss

mechanisms will result in substantial energy absorbtion for 2.45
GHz radiation.

It is due to the availability of inexpensive commer

cial microwave equipment operating at 2.45 GHz that this frequency
is often used for dielectric heating studies.

While 2.45 GHz was

chosen for this particular study because of the availability of
commercial equipment operating at this frequency, lower frequencies
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like 915 MHz, may prove more useful if conduction losses are found
to be the primary loss mechanism in microwave heating.
Near room temperature, energy losses in dielectrics result from
three primary mechanisms:
vibration losses, and 3)

1)

ion migration losses, 2 )

ionic

electronic polarization losses.^

It is

unfortunate for microwave heating applications that none of these loss
mechanisms result in appreciable absorption at microwave frequencies.
Electronic polarization is only important at high frequencies in the
visible part of the spectrum.

Ionic vibration losses are most im

portant at frequencies corresponding to the far infrared part of the
spectrum, but can become significant for microwave frequencies at
higher temperatures.

Ion migration losses are of major importance

in ceramic materials at room temperature but only at frequencies well
below that of microwaves.

These experimental observations concerning

dielectric loss mechanisms explain why ceramics have not traditionally
been considered for microwave heating applications.

Unlike other

dielectrics, such as plastics, which exhibit significant losses at
microwave frequencies due to dipole orientation mechanisms, ceramics
are noted for their low losses at microwave frequencies near room
temperature.

Temperature and impurities can have a profound effect

on the energy losses in ceramics, however.
As a rule, the total electromagnetic loss for a ceramic increases
with temperature.

While each loss mechanism contributes separately

to the overall increase, conduction losses have typically been found
4 5 6
to predominate at high temperatures. ’ ’

The loss tangent, tan 6 ,

is expressed in terms of electrical conductivity, a, by the following:

7

ta n 6 ' i s k

;

*

where f is the frequency, K ’ is the relative dielectric constant, and
eG is the permittivity of free space.

Though conduction losses are

normally small near room temperature, the exponential increase in
conductivity with temperature for dielectric materials results in a
corresponding increase in the loss tangent.
Dielectric data obtained by Iglesias and Westphal for AI 2 O3 show
conduction losses to be the most important loss mechanism at microwave frequencies for temperatures above 400°C.^

The increases in

conductivity and conduction losses with temperature are associated
with the thermal activation of electrons which pass from the valence
band to the conduction band of the material.

Therefore, the con

ductivity of AI 2 O3 is critical in microwave heating.

Pure AI 2 O3 ,

like most ceramic dielectrics, is nearly transparent to microwaves
at room temperature and cannot be effectively heated unless the
conduction losses are enhanced.
impurities to the material.

This can be accomplished by adding

The impurities and associated defects

tend to increase the ionic and electronic carrier concentrations
and increase the electrical conductivity.

Although ion migration

losses are of secondary importance for most ceramic materials, the
introduction of vacancies can result in increased losses at high
temperatures due to an ion jump mechanism in which an ion exchanges
position with an associated lattice vacancy in response to the
varying electric field of the electromagnetic radiation.3
In addition to increasing conduction losses, the microwave
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energy dissipated in a ceramic dielectric can be increased by
amplifying the electric field of the microwaves.

The energy loss

per second, P, in a dielectric can be expressed in terms of the
electric field strength, EQ , by the following:

P - (2irfe')

tan 6

where f is the radiation frequency, and e® is the dielectric
permittivity.^

Therefore, the energy dissipated in a dielectric is

proportional to the square of the field strength.

It is because of

this relationship that single-mode resonant cavities are so attractive
for microwave heating applications„

The maximum electric field

strength in a single-mode resonant cavity is many times that generated
in a microwave oven cavity.

Both the material parameters and appli

cator characteristics are important in determining whether a given
material can be microwave sintered
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III.

Literature Review

The available literature relating to microwave sintering can be
divided into two groups, one concerning the use of multimode cavities,
i.e. conventional microwave ovens, and the other concerning single
mode resonant cavities.

A review of the literature regarding single

mode resonant cavities will be covered later under a separate heading.
In either case, a review of the literature reveals a scarcity of
published information on high temperature microwave heating appli
cations relating to solid state sintering.

The literature has been

historically monopolized by studies on low temperature applications,
such as food processing, heating and curing of rubber and synthetics,
wood processing, drying of grains and minerals, and a number of
medical applications.

8 10
”

These applications shed little light on

questions concerning high temperature microwave sintering of ceramic
materials, but are of historical importance, nonetheless.

Since

World War II, the intense efforts to develop these more well-known
microwave applications have resulted in improved microwave hardware
at a fraction of the former cost.

The increased availability of low

cost microwave ovens has been the single most important factor in
the discovery of most microwave sintering applications.
Ferrite ceramics have long been recognized as excellent microwave absorbers because of the interaction between the magnetic
moments created by atomic spins within the ferrite and the magnetic
field component of the incident radiation.

The absorbed energy is

converted directly into thermal energy in the ferrite, which results
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in heating of the material.

Thus, ferrites have found application in

microwave devices, such as isolators, mode suppressors, and attenuators.
This ferromagnetic property of ferrite ceramics does not exist above
the characteristic Curie temperature, however.

The material must

exhibit sufficient dielectric losses at temperatures above the Curie
point or a steady-state condition will be reached and thermal equili
brium established.

In light of these properties, ferrites were among

the first materials to be sintered using microwave energy.
Krage^ reports having successfully sintered hard ferrites in a
domestic microwave oven operating at 2.45 GHz using power levels under
600 watts.

The fired ferrites, consisting primarily of BaFe20^, were

used as magnet pole pieces in automotive DC electric motors.

The

green pole pieces were prepared commercially using conventional powder
processing and compaction techniques.

The pressed pieces were placed

in the microwave oven, inside a small open-ended SIC muffle, and
surrounded with high temperature fiber insulation.

The pieces were

then sintered using microwave energy as the only source of heat in
the system.

The measured magnetic and mechanical properties of the

microwave sintered material were reported in all cases to be equiv
alent to or better than material sintered commercially in a gas-fired
tunnel kiln.

Microwave sintering also allowed much higher heating

rates and, consequently, faster processing than is permitted in most
conventional sintering processes.

The heating rates for the micro-

wave sintered material were approximately 850°C/hr. as compared to
100°C/hr. for conventionally heated material.

Apparently the higher

heating rates, which would normally result in cracking of the samples,
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were possible in the microwave oven because of better temperature
uniformity within the sample during heating.

The muffle made of SiC,

which is an excellent microwave absorber due to large conduction
losses, was needed to offset the thermal losses of the ferrite samples
to the surrounding insulation during heating.

Any potential energy

savings were lost due to absorption by the muffle, however.

Therefore,

while the physical properties of the microwave sintered material were
entirely acceptable, the process did not result in the expected energy
savings.
Maguire and Readey^ have also studied some ferrite materials
exhibiting sufficient dielectric losses above their Curie temperatures
to be possible candidates for microwave sintering.

These microwave-

absorbing ferrite-dielectric composites with the formula MnxZn^_xFe 204
reach runaway conditions upon microwave heating above their Curie
temperatures.

The thermal runaway is explained in terms of conduction

losses which increase exponentially with temperature.
The fact that some ferrites are well suited for microwave sintering
is not too surprising.

Recently, however, a number of other ceramic

materials have been found to be surprisingly good microwave absorbers.
The accidental overheating of U O 3 gels in a countertop microwave oven
as reported by H a a s ^ is typical of recent discoveries made while
using microwaves to dry or cure ceramic materials.

Further investi

gation by Haas revealed that UO2 and U 3 O3 powders couple extremely
well with microwave energy; moreover, fusing of these powders, which
normally occurs at temperatures above 2000°C, takes place in a matter
of minutes using as little at 600 watts of power.

Investigators at the
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General Motors Technical Center found 3 -AI2O3 to be a good microwave
absorber during drying of fabricated tubes of green material in a
microwave oven.13

Hot spots soon appear, glowing red, within a

3 --AI2 O3 tube after prolonged exposure to microwave radiation of a
few hundred watts.

Other solid state electrolytes, such as CaO-

stabilized Zr0 2 > were found to be excellent absorbers as well. To
date, however, there is no literature available regarding formal
studies on microwave sintering of these materials.
Despite the scarcity of published information, private communi
cation between the writer and members of the academic and industrial
communities indicates that the unexplored potential of microwave
sintering has piqued the interest of an increasing number of researchers.
American Standard is purported to be investigating microwave sintering
14
small ceramic valve parts made from an impure grade of AI 2O3 .

The

impurities are thought to be responsible for conduction losses at
higher temperatures which makes microwave sintering possible.

Special

binders which are good microwave absorbers are also being studied as a
means of initially heating the green ceramic at low temperatures where
dielectric losses are normally small.

American Standard and General

Motors are not the only companies showing an interest in microwave
sintering, however.

Information from private sources indicates a

large number of companies are currently studying a wide range of
materials and products to determine whether microwave sintering offers
any distinct advantages.

Unfortunately, most industrial researchers

seem to regard microwave sintering as such a novel coneept that their
present work is considered confidential and proprietary.

It appears

13

that microwave sintering is just entering its infancy and has a bright
ufuture ahead.
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IVo

A.

Feasibility Study

Equipment and Materials
The initial concern was to determine, at least qualitatively,

the degree to which BaTiC>3 would absorb and convert microwave radiation
into thermal energy.

The next step was actually to sinter BaTi03

pellets using microwaves as the only heating source.

After having

successfully fired the BaTi03 pellets and thereby establishing
feasibility, a study of the effects of microwave sintering on commer
cial multilayer capacitors was planned.

With these goals in mind, it

was decided that a commercial counter-top microwave oven, similar to
that used by Krage, could be modified to fit the purpose of the study.
All heating experiments during this study were conducted in a
modified Litton Minutemaster Model 445 microwave oven.

The oven came

equipped with a continuous-wave magnetron which generated microwaves
with a nominal frequency of 2.45 GHz.

The power output of the magne

tron was continuously adjustable from 100 to a peak output of 650
watts.

A hole was drilled through one wall to allow a thermocouple

to be introduced into the oven cavity.

All temperature measurements

were made with a Pt-Pt 10% Rh thermocouple which rested inside a
0.25 inch O.D. alumina tube extending through the oven wall to the
center of the cavity.

The alumina tube was held in place by a brass

fitting attached to the oven wall.

In order to shield the thermo

couple wires from the microwaves, a platinum film was sputtered onto
the outer surface of the alumina tube.

Without the metallic film, the

microwaves would readily penetrate the alumina tube and cause arcing
or spurious currents to be induced within the thermocouple wire.
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Therefore the brass fitting, which made electrical contact with the
platinum film, was connected to ground.

Experimentally, the thermo

couple emf was observed to fluctuate widely whenever the tip of the
thermocouple was extended beyond the end of the platinum-coated tube
and directly exposed to microwave radiation.
Commercial (COF) grade BaTiC>3 powder, manufactured by TAM Ceramics,
Inc., was used as raw material in the initial series of experiments.
Units were prepared by mixing powder with 5-10% PVA solution and uniax ially pressing the mixture in a stainless steel die to about 15,000
psi.

The pressed green pellets were 0.5 inch in diameter and between

0.10 and 0.25 inch in thickness.
Initially, runs were made to see if the BaTi03 pellets could be
microwave sintered without the use of microwave absorbing setters.
Pellets were stacked in the center of the oven cavity surrounding the
end of the thermocouple tube.

The stacked pellets rested on a sheet

of high temperature fiber board while the remaining volume of the
cavity was filled with loose fiber insulation.

Low power levels, on

the order of 200 watts, were used in the early stages of heating and
gradually increased in an attempt to maintain a constant heating rate.
Heating rates as high at 10°C/minute were maintained up to a maximum
temperature of about 565°Co

This was found to be the maximum temp

erature obtainable without using microwave-absorbing setters because
of the safety features built into the magnetron by the manufacturer.
In order to protect the magnetron from overheating while operating
under no-load conditions, many manufacturers safeguard their system
by adding a circuit that cuts power to the magnetron if the anode

temperature rises above a certain point.
Additional runs were made using a larger number of BaTiC>3
pellets to increase the load within the oven cavity and thereby
reduce the reflected power being absorbed by the magnetron.

Unfor

tunately, the physical dimensions of the oven cavity place a limit on
the number of pellets that can be fired and still permit adequate
insulation for protecting the oven electronics from high temperatues.
Moreover, it was observed during these experiments that the BaTi03
pellets and the platinum-coated tube must be separated by a minimum
distance of about 0.5 cm or arcing between the pellets and the tube
occurs.

Due to these limitations of the equipment, temperatures

necessary for sintering BaTi03 could not be achieved without special
setter materials.
The use of SiC as a setter material made higher temperatures
possible but this, in itself, presented new problems.

It was found

that two 0.25 inch thick SiC setters, one placed above and one below
the samples, was a sufficient load to keep the magnetron from over
heating and allow adequate temperatures (>1325°C) for sintering BaTiO
to be obtained.

Upon achieving these high temperatures, however, it

was found that the loose fiber insulation around the samples and
setters was not providing sufficient protection to parts of the oven
made of plastic or other heat-sensitive materials.

In order to

dissipate the waste heat, the oven had to be air-cooled.

This was

accomplished by forcing air through a short length of copper tube
mounted in the oven wall.

A space between the fiber insulation and

the oven wall allowed the air to circulate and cool the oven.

The
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air was exhausted through a perforated metal grid at the rear of the
cavity.

Air-cooling was found to be essential for operating at high

temperatures for an extended period of time without damage to the
microwave oven.
While two SiC setters were adequate for sintering a small number
of pellets centered between the setters, large temperature gradients
between the center and the edges of the plates were inherent in the
design.

Therefore, closed boxes made of 0.25 inch thick SiC sheets

were constructed and tested.

Figure 1 shows a typical heating curve

for samples fired in a small SiC box of inner dimensions 3 X 3 X 0.750
inch.

There was little change in heating rates whether the small SiC

box or the two-setter design was used.

Larger SiC boxes were con

structed in order to fire a larger number of samples and to allow
greater experimental flexibility in measuring temperature uniformity.
A typical heating curve for samples fired in a SiC box with inner
dimensions 4 X 3 X 2.5 inches is shown in Figure 1 also.

Because of

the greater experimental flexibility, the larger SiC box was used in
obtaining all subsequent data unless otherwise noted.

A schematic of

the modified microwave oven used for the sintering studies is shown
in Figure 2.
B.

Temperature Uniformity and Dielectric M easurement
In order to establish microwave sintering as a practical alter

native to conventional processes for sintering BaTiC^ ceramics,
temperature control and uniformity were examined, along with the
effects of microwave sintering on the dielectric properties of BaTiC^.
Unfortunately, it is impossible to observe the unique inverse temp
erature gradients that are normally associated with microwave heating
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when microwave-absorbing setters or boxes are used to maintain adequate
loads and offset thermal losses from the samples.

It should also be

noted that multi-mode resonant cavities, including microwave ovens,
often exhibit nonuniform heating due to localized "hot spots" which
result from a nonuniform distribution of resonance modes throughout
the oven cavity.

Localized heating was not evident when using the SiC

setters or boxes, however.
Differences in temperature across the larger SiC box in the
horizontal direction were measured during a typical run by adjusting
the position of the thermocouple inside the hollow alumina tube.

As

it was impractical to measure temperature in the vertical direction
with a second thermocouple, BaTiOg pellets were stacked in the four
corners of the SiC box from the top to the bottom.

Consequently, any

significant vertical temperature gradients within the box would show
up as differences in shrinkage and microstructure with vertical
position of the pellets.

Table 1 contains a summary of data obtained

for stacked pellets sintered at approximately 1350°C for 30 minutes.
During the soak portion of the heating cycle the magnetron power level
was adjusted to approximately 550 watts and the samples allowed to
come to thermal equilibrium.

The thermocouple data indicate that

a small temperature gradient exists from left to right across the
three inch dimension of the large SiC box.

This is more likely to be

caused by assymetry in box construction rather than gradients caused
by "hot spots" or nonuniformity of the electric field within the
cavity.

Nevertheless, the horizontal temperature gradient is not

large enough to be of great concern.

Temperature gradients in the
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TABLE I.

A.

TEMPERATURE UNIFORMITY DATA

Horizontal Temperature Gradient
Left Side

Middle

1349°C

1350°C

Temperature Across
3" Dimension During Soak

B.

Right Side

1352°C

Vertical Temperature Gradient
Pellet Position

Stack Position
Bottom
Fired
Diameter
(in.)

Middle

Shrinkage
(%)

Top

Fired
Diameter
(in.)

Shrinkage
(%)

Fired
Diameter
(in.)

Shrinkage
(%)

Front Right

0.433

13.4

0.434

13.2

0.434

13.2

Front Left

0.434

13.2

0.434

13.2

0.432

13.6

Back Right

0.434

13.2

0.433

13.4

0.432

13.6

Back Left

0.434

13.2

0.432

13.6

0.434

13.2

vertical direction were indiscernable after examining shrinkage and
microstructure.

Polished specimens examined with a metallograph

exhibited the exaggerated grain growth normally associated with
BaTiOg sintered in air.

No appreciable difference in average grain

size or distribution was observed.

Therefore it was concluded that

the temperature profile within the large SiC box was flat enough to
allow BaTiOg pellets to be microwave sintered with an acceptable
degree of reproducibility.
Effects of microwave sintering on the dielectric properties of
BaTiOg were measured by comparing the capacitance and loss factor vs.
temperature for pellets sintered by microwaves and pellets sintered
in a conventional SiC resistance furnace.

Capacitance and loss

factor measurements were made using a Hewlett-Packard automatic
capacitance bridge while the pellet temperature was controlled in a
programmable furnace.

Figures 3 and 4 show typical data for two

pellets sintered in the SiC resistance furnace, while Figures 5 and 6
show data for two microwave sintered pellets.

The bulk data show no

significant difference between microwave sintered or conventionally
sintered BaTiOg.
C.

Multilayer Capacitor Measurements
A series of experiments was run to determine whether commercial

multilayer capacitors could be successfully sintered using microwave
radiation.

Two kinds of multilayer capacitors, both manufactured by

Sprague Electric Corporation, were used in the measurements.

Type I

was a standard Z5U composition and Type II was classified as an
X7R/BX composition.

The capacitors were of common construction,
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TABLE II.

CAPACITANCE AND DISSIPATION FACTOR vs. TEMPERATURE

FOR BaTi03 FIRED IN AN ELECTRIC FURNACE-SAMPLE A

Fired Pellet Diameter:
Electrode Diameter:

0.431"
0.290"

Thickness:

0.113"

Temp.
(°C)

Freq.
(Hz)

Cap.
(pf)

dF

C/C25°C

-15

IK

256.7

0.0425

0.7349

5

IK

320.2

0.1025

0.9167

25

IK

349.3

0.0930

1.0000

45

IK

303.2

0.0473

0.8680

65

IK

287.6

0.0166

0.8234

85

IK

296.4

0.0150

0.8486

95

IK

315.2

0.0144

0.9024

105

IK

352.7

0.0150

1.0097

115

IK

448.7

0.0162

1.2846

125

IK

1526.8

0.0051

4.3710

Resistance after 10V Charge
2.0 x 1010 ohm @
2.2 x 108

25°C

ohm @ 125°C
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5.00

C/C25°C

4.00

3.00

2.00
1.00
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-25
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110
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FIGURE 3.

TEMPERATURE vs. C/C250 C FOR BaTi03 FIRED
III AN ELECTRIC FURNACE-SAMPLE A
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TABLE III.

CAPACITANCE AND DISSIPATION FACTOR vs. TEMPERATURE

FOR BaTiOa FIRED IN AN ELECTRIC FURNACE-SAMPLE B
Thickness : 0.106"

Fired Pellet Diameter: 0.436"
0.281"
Electrode Diameter:
Temp.
(°C)

Freq.
(Hz)

Cap.
(pf)

dF

-15

IK

308 o4

0.0320

0.7697

5

IK

378.8

0.0451

0.9453

25

IK

400.7

0.0140

1.0000

45

IK

377.1

0.0096

0.9411

65

IK

372.6

0.0067

0.9299

85

IK

434.0

0.0069

1.0871

95

IK

577.8

0.0067

1.4419

105

IK

1537.7

0.0124

3.8375

115

IK

1049.9

0.0106

2.6202

125

IK

782.0

0.0108

1.9516

Resistance after 10V charge
1.1 x 1011 ohm @

2.2

x

108

ohm @

25°C

125°c

C/C25OC
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4.00

C/C25°C

3.00

2.00
1.00
0

-25

-10

5

20

35

50

65

80

95

110

125

TEMPERATURE (°C)

FIGURE 4. TEMPERATURE vs. ClC.2b°C F0R BaTi03 FIRED IN A
MICROWAVE OVEN-SAMPLE B

27

TABLE IV.

CAPACITANCE AND DISSIPATION FACTOR vs. TEMPERATURE

FOR BaTi.03 FIRED IN A MICROWAVE OVEN-SAMPLE A

Fired Pellet Diameter:
Electrode Diameter:

0.438"
0.288"

Thickness:

0.106"

Temp.
(°C)

Freq.
(Hz)

Cap.
(pf)

dF

C/C25°c

-15

IK

345.8

0.0286

0.714

5

IK

392.2

0.0320

0.809

25

IK

484.6

0.0173

1.000

45

IK

453.0

0.0110

0.935

65

IK

430.4

0.0051

0.888

85

IK

466.6

0.0045

0.963

95

IK

544.6

0.0048

1.124

105

IK

1188.5

0.0053

2.453

115

IK

1285.8

0.0051

2.653

125

IK

941.4

0.0064

1.943

Resistance after 10V Charge
1.4 x 109 ohm @

25°C

lol x 109 ohm @

1250c
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5.00

25°C

4.00

3.00

u
o

2.00
1.00
0
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FIGURE 5 „ TEMPERATURE vs. C/C250 C FOR BaTd.03 FIRED IN A
MICROWAVE OVEN-SAMPLE A
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TABLE V.

CAPACITANCE AND DISSIPATION FACTOR vs. TEMPERATURE

FOR BaTi.03 FIRED IN A MICROWAVE OVEN-SAMPLE B

Fired Pellet Diameter:
Electrode Diameter:

0.431"
0.291"

Thickness:

0 .1 11 "

Freq.
(Hz)

Cap.
(pf)

dF

C /C 25 ° c

-15

IK

269.0

0.0384

0.734

5

IK

307.6

0.0550

0.839

25

IK

366.7

0.0257

1.000

45

IK

325.7

0.0177

0.888

65

IK

308.0

0.0150

0.840

85

IK

306.7

0.0123

0.836

95

IK

316.2

0.0113

0.866

105

IK

343.8

0.0098

0.938

115

IK

396.5

0.0100

1.081

125

IK

169.2 nf

0.0064

4.614

Temp.
(°C )

Resistance after 10V Charge
1.0 x 109 ohm @ 25°C
1.7 x 109 ohm <a 125°C

30

TEMPERATURE (°C)
FIGURE 6 .

TEMPERATURE vs„ C/C25 OC FOR BaTI03 FIRED IN A
MICROWAVE OVEN-SAMPLE B
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namely thick-film precious metal electrodes separated by layers of
green ceramic.

Initially the green capacitors were placed In the

microwave oven without any microwave-absorbing setters, in order to
determine whether the microwaves would interact with the capacitor
electrodes and cause arcing or shielding of the dielectric material.
While no arcing was observed near room temperature, the SiC setters,
needed to reach higher temperatures, prevented any interaction between
the microwaves and the capacitor electrodes due to attenuation of the
electric field by the setter material.

Although a measurable electric

field existed within the SiC box during firing, it was still impossi
ble to determine whether the multilayer capacitors could maintain
electrical integrity at high temperatures in the presence of high
power microwave radiation.
Because of the small loads and the need to maintain temperature
uniformity, all of the multilayer capacitors tested were fired inside
the large SiC box described earlier.

Figure 7 represents the heating

curve used in sintering the capacitors.

Figures 8-17 and tables V-XIV

represent data obtained for both types of multilayer capacitors.

Stan

dard specifications for Z5U or Type I capacitors require that the change
in capacitance, C, with temperature does not exceed the following limits

+22

to

-55%

to

85°C.

of the capacitance at 25°C over a temperature range of

10

Specifications for X7R/BX or Type II capacitors require

the capacitance to remain within + 15% of C25 OQ between

-55

and

125°C.

None of the microwave sintered capacitors were found to exceed
standard tolerances.

The resistances of the capacitors were also

measured after charging at 10V.

The resistance measurements were

TEMPERATURE (°C)

32

TIME (Min.)

FIGURE 7. MICROWAVE HEATING CYCLE FOR MULTILAYER CAPACITORS
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TABLE VI.

CAPACITANCE AND DISSIPATION FACTOR vs. TEMPERATURE

FOR A MICROWAVE FIRED Z5U MULTILAYER CAPACITORS--SAMPLE A

Temp.

Freq.

(pF)

dF

C/C25

-55

IK

0.8240

0.0415

0.6335

-20

IK

1.0340

0.0281

0.7949

10

IK

1.2851

0.0160

0.9880

28

IK

1.3007

0.0088

1.0000

50

IK

1.1070

0.0062

0.8511

85

IK

0.8126

0.0036

0.6247

3x10®Q

125

IK

0.5849

0.0021

0.4497

1.5xlQ8ft

(°c)

Cap.

Resistance After
10V Charge

5xl09ft

34

FIGURE 8 .

TEMPERATURE vs. C/C25 oc FOR A MICROWAVE FIRED
Z5U MULTILAYER CAPACITOR-SAMPLE A
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TABLE VIIo

CAPACITANCE AND DISSIPATION FACTOR vs. TEMPERATURE

FOR A MICROWAVE FIRED Z5U MULTILAYER CAPACITOR-■SAMPLE B

Temp.

Freq.

Cap.
(UF)

dF

C /C 25

-55

IK

0.8338

0.0426

0.6246

-20

IK

1.0505

0.0285

0.7869

10

IK

1.3176

0.0156

0.9870

28

IK

1.3350

0.0086

1.0000

50

IK

1.1368

0.0061

0.8515

85

IK

0.8318

0.0034

0.6231

3x 108Q

125

IK

0.5941

0.0021

0.4451

1.5xl08fi

(°C )

Resistance After
10V Charge

5xl09ft
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TABLE VIII.

CAPACITANCE AND DISSIPATION FACTOR vs. TEMPERATURE

FOR A MICROWAVE FIRED Z5U MULTILAYER CAPACITOR-•SAMPLE C

Temp.
(°C)

Freq.

Cap.
(VF)

dF

c /c 25

-55

IK

0.8410

0,0420

0.6244

-20

IK

1.0580

0.0282

0.7854

10

IK

1.3264

0,0152

0.9847

28

IK

1.3470

0.0087

1.0000

50

IK

1.1444

0.0061

0.8496

85

IK

0.8383

0,0035

0.6223

3x10%

125

IK

0.6004

0.0028

0.4457

1.5x10%

Resistance After
10V Charge

5x10%
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TABLE IX.

CAPACITANCE AND DISSIPATION FACTOR vs. TEMPERATURE

FOR A MICROWAVE FIRED Z5U MULTILAYER CAPACITOR-■SAMPLE D

c /c 25

Resistance After
10V Charge

Temp.
(°C)

Freq.

Cap.
(yF)

dF

~55

IK

0.8426

0.0432

0.6011

~20

IK

1.0726

0.0298

0.7652

10

IK

1.3808

0.0157

0.9851

28

IK

1.4017

0.0083

1.0000

50

IK

1.1865

0.0060

0.8465

85

IK

0.8615

0.0036

0.6146

4xl08Q

125

IK

0.6101

0.0020

0.4352

1.5x10%}

1 .0xl 010ft
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TABLE X.

CAPACITANCE AND DISSIPATION FACTOR vs. TEMPERATURE

FOR A MICROWAVE FIRED Z5U MULTILAYER CAPACITOR-■SAMPLE E

Temp.
(°C)

Freq.

Cap.
(p f )

dF

c / c 25

Resistance After
10V Charge

-55

IK

0.8275

0,0428

0.6224

-20

IK

1.0408

0.0290

0.7828

10

IK

1,3072

0.0151

0.9832

28

IK

1.3296

0.0084

1.0000

50

IK

1.1260

0,0060

0.8469

85

IK

0.8257

0.0035

0.6218

4x 108Q

125

IK

0.5914

0.0022

0.4448

1.5x 108Q

1 .0xl 0 10Q
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TABLE X I. CAPACITANCE AND DISSIPATION FACTOR vsj TEMPERATURE
FOR A MICROWAVE FIRED X7R/BX MULTILAYER CAPACITOR-SAMPLE A
Temp.
(°C)

F req.

Cap.
(nF)

dF

c / c25

-55

IK

17.94

0.0292

0.897

-20

IK

18.83

0.0172

0.942

10

IK

19.24

0.0123

0.962

28

IK

19.99

0.0115

1.000

50

IK

19.54

0.0100

0.977

85

IK

18.94

0.0075

0.947

3.0xl010ft

125

IK

19.52

0.0045

0.976

2 .8x 10 10ft

R e sista n ce

After
10V Charge

2i5xl010fl
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TABLE X II. CAPACITANCE AND DISSIPATION FACTOR v s. TEMPERATURE
FOR A MICROWAVE FIRED X7R/BX MULTILAYER CAPACITOR-SAMPLE B
Temp.

(°C)

Freq.

Cap.

dF

C/C25

-55

IK

17.08

0.0280

0,879

-20

IK

17.93

0.922

10

IK

18.36

0.0161
0.0116

28

IK

19.44

0,0.109

1.000

50

IK

18.82

0.0094

0.968

85
125

IK
IK

18.33

0,0074

0.943

2 4

19.06

0.0043

0.980

2 1

(nF)

A fter
10V Charge

Resistance

0.944
. x l 0 1 0 f2

2 1

. x l 0 10ft
. x l 0 10ft
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TABLE X III. CAPACITANCE AND DISSIPATION FACTOR v s. TEMPERATURE
FOR A MICROWAVE FIRED X7R/BX MULTILAYER CAPACITOR-SAMPLE C
Temp.
(°C)
-55

R esistan ce A fte r
10V Charge

Freq.

Cap.
(nF)

dF

c / c 25

IK

17.38

0.0286

0.880

-20

IK

18.29

0.0168

0.927

10

IK

18.67

0.0117

0.946

28

IK

19.74

0.0109

1.000

50

IK

19.11

0.0099

0.968

85
125

IK
IK

18.51
19.24

0.0073

0.938

3xl010£]

0.0043

0.975

2 .4 x l0 10Q

1.3xlO n ft
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FIGURE 15. TEMPERATURE vs, C/C250 c FOR A MICROWAVE
FIRED X7R/BX MULTILAYER CAPACITOR-SAMPLE C
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TABLE XIV. CAPACITANCE AND DISSIPATION FACTOR v s. TEMPERATURE
FOR A MICROWAVE FIRED X7R/BX MULTILAYER CAPACITOR-SAMPLE D
Temp.
(°C)

F req.

Cap.
(nF)

dF

c / c 25

-55

IK

17.73

0.0290

0.885

IK
IK

18.60
19.00

0.0163

0.929

0.0119

0.949

20.03
19.37
18.72

0.0110

1.000

0.0096
0.0072

0.967

85

IK
IK
IK

125

IK

19.34

-20
10

28
50

0.0042

0.935
0.966

R e sistan ce A fter
10V Charge

1 .7 x l0 11fi
3x1010ft
2 .4 x l0 10«

50

FIGURE 16.

TEMPERATURE vs. C/C250 C FOR A MICROWAVE

FIRED X7R/BX MULTILAYER CAPACITOR-SAMPLE D
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TABLE XV. CAPACITANCE AND DISSIPATION FACTOR vs. TEMPERATURE

HI

FOR A MICROWAVE FIRED X7R/BX MULTILAYER CAPACITOR-SAMPLE E

Cap.
<nF)

dF

c / c 25

-55

IK

16.93

0.0284

0.880

-20

IK

17.73

0.0168

0.922

10

IK

18.18

0.0116

0.945

28

IK

19.23

0.0110

1.000

50

IK

18.60

0.0094

0.967

85

IK

18.09

0.0075

0.941

2.6xlG10fi

125

IK

18.70

0.0044

0.972

2.2xl010n

•

Freq.

Resistance After
10V Charge

1.6xl01:Lf2

C/ C25°C
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FIGURE 1 7 . TEMPERATURE v s, C/C2 5 0 C FOR A MICROWAVE
FIRED X7R/BX MULTILAYER CAPACITOR-SAMPLE E
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a c ce p ta b le in each case and a re includ ed in F ig u res 8-17. A ll
m easurem ents in d ic a te d th a t th e microwave s in te re d m u ltila y e r
c a p a c ito rs were in d is tin g u is h a b le from th o se s in te re d using
co n v en tio n al fu rn aces.
O rie n ta tio n and c o o lin g pro ced ures appeared to have l i t t l e
e f f e c t on c a p a c ito r p ro p e rtie s . C ap acito rs were fire d in d if fe re n t
p o s itio n s and o rie n ta tio n s , i . e . ly in g f l a t , on one s id e , o r on
end, to determ ine w hether changing th e e le c tro d e o rie n ta tio n w ith
re sp e c t to th e e le c tr ic f ie ld of th e microwaves would r e s u lt in
d if f e r e n t f ir e d p ro p e rtie s . The d a ta gave no in d ic a tio n o r o rie n 
ta tio n e f f e c ts , however. D iffe re n t cooling procedures were also
in v e s tig a te d .

Samples were allow ed to c o o l, e ith e r n a tu ra lly a f te r

sh u ttin g o ff th e m agnetron or by red ucing th e power le v e l and allow 
ing th e sam ples to cool w hile th e m agnetron continued to p u lse .
N eith er method was found to a f f e c t c a p a c ito r p ro p e rtie s .
D. Energy E ffic ie n c y
Energy consum ption by th e microwave oven was m onitored w ith a
w att-h o u r m eter. T o ta l e le c t r i c a l energy- consum ption fo r h eatin g
th e 30 cu. in . volume o f the la rg e SiC box according to th e curve
shown in F ig ure 7 was approxim ately 3 .4 k w att-ho urs or 1.2 x 10^ J .
For com parison the energy n ecessary to r e s is tiv e ly h eat a one in ch
diam eter tube furnace a t th e same r a te i s only 1.5 kw att-ho urs or
5.4 x 10^ j . The a c tu a l h eated volume w ith in th e f l a t zone of the
tube fu rn ace is roughly h a lf th a t o f th e SiC box h u t, n e v e rth e le s s ,
i t i s c le a r th a t microwave s in te rin g using th e p re se n t d esign does
n ot r e s u lt in any a p p re c ia b le energy sa v in g s. This is not s u rp ris in g ,
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however, since the present furnace design utilizes SiC plates in the
same way SiC rods are used as resistive heating elements in a con
ventional furnace.

If the reflected power absorbed by the magnetron

could be reduced by firing a larger quantity of capacitors, it is
likely the use of microwave-absorbing setters could be avoided and
the energy efficiency of the sintering operation increased.
E.

Conclusion and Future Work
The feasibility of sintering BaTiC^ ceramics and commercial

multilayer capacitors using microwave radiation was successfully
established within certain limits.

It was confirmed that BaTi03

exhibits sufficient dielectric losses above the Curie temperature
to be effectively heated by microwaves to temperatures approaching
60Q°C.

While equipment limitations did not allow microwave heating

of BaTi03 ceramics above 6Q0°C without using some form of auxiliary
heating, in this case SiC setters, it should be kept in mind that
conduction losses in many dielectrics increase with temperature
until they become the predominating loss mechanism at microwave
frequencies.

4 5 6
’ *

This is also likely to be true of BaTi03 ceramics

because the electrical conductivity increases continuously with
temperature above the Curie point.^

Nevertheless, future work

with multi-mode cavities should be directed toward redesigning the
microwave system so that sintering can be accomplished without the
use of special setter materials and the unique features of microwave
sintering more fully explored.
The most practical approach to eliminating special setters
from the system would be either to enlarge the oven cavity and allow
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a larger number of samples to be sintered at the same time, or to
add a dummy load.

The enlarged cavity would allow for additional

insulation to protect heat-sensitive parts of the system and at the
same time reduce the reflected power absorbed in the magnetron by
heating larger loads.

The distribution of samples within the

cavity could become very important for large loads, however.
The penetration depth for microwaves in a dielectric is governed
by losses in the material.

If the losses are high, the penetration

depth of the microwaves is small.

Therefore, if the yolume of a

given group of samples becomes too large, all of the microwave
energy will be ahsorbed before it reaches the center of the sample
volume.

This would result in non-uniform heating.

Thus, the size

and distribution of a given load would he limited by the penetration
depth of the microwaves.

A dummy load would work in much the same

way as increasing the number of samples in the cavity, in that a
larger portion of the microwave energy is being absorbed by the
dummy load instead of being reflected to the magnetron.

The dummy

load.could consist of water circulated through a plastic hose inside
the oven cavity.

The circulated water would absorb microwave energy

during the initial stages of heating when sample losses are low and
them be shut off and removed from the system when no longer needed.
Future work might also include the study of different kinds of
microwave absorbing setters.

In a commercial microwaye sintering

system using a multi-mode cavity design, the auxiliary heating
provided by setters may be required to reduce the overall processing
time for materials with low losses near room temperature.

Setters
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which allow a significant portion of incident microwave energy to
pass through them and be absorbed in the samples might provide the
heat necessary to offset thermal losses from the samples to the
surrounding insulation and yet not drastically reduce the efficiency
of the system.

A special setter material consisting of SiC particles

in a matrix of microwave-transparent material, such as high-purity
AI 2O3 , might prove useful.

This type of setter material is currently

manufactured by Ferro Corporation.
Commercial equipment similar to that which would be used to
microwave sinter large quantities of multilayer capacitors has
already been developed.

Cober Electronics, Inc., is currently

marketing continuous microwave tunnel kilns primarily designed for
curing foundry molds and vulcanizing rubber.

With minor modifications

these systems could conceivably be used for high-temperature microwave sintering.

In any case, the economics of microwave sintering

must be studied and proven if the process is ever to become a viable
alternative to conventional heating methods.

The promise of greater

energy efficiency is precisely the reason that single-mode resonant
cavities may prove to be more beneficial in processing multilayer
capacitors and other electronic ceramic components.
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V.

A.

Single-Mode Resonant Cavity Design

Introduction and Literature Review
Single-mode resonant cavities differ from multi-mode cavities

or microwave ovens in that a standing wave corresponding to a single
resonance mode is sustained within the cavity structure.

By allowing

only one mode to exist within the cavity, amplification of the
electric and magnetic fields takes place due to superposition and
the locations of the field strength maxima and minima are fixed.
By introducing samples into the cavity at a point corresponding to
an electric field maximum, extremely rapid heating can occur within
that portion of sample near the field maximum if the material is
sufficiently lossy.

Since the magnitude of the electric field for

most cavities decreases from a maximum at the center of the cavity
to a value near zero at each wall, the heating zone is characterristically small and extremely localized.Therefore, microwave
sintering in this type of cavity is limited to relatively small
samples with simple shapes.
A common resonant cavity is very simple in construction.

It

normally consists of a small length of standard rectangular waveguide
that has a coupling aperture attached to one end and a sliding short
at the other.

The sliding short is used to tune the cayity to a

specific resonance mode.

A tunable cavity is essential for sintering

applications since the introduction of the sample and its changing
dielectric properties during heating perturb the wave characteristics
and are compensated for by adjusting the length of the cavity.5

The

coupling aperture, normally an iris or slot, can also be adjustable

so that the incident microwave energy can be more efficiently
coupled into the cavity without appreciable reflection.

Samples are

introduced into the cavity through two holes cut in opposite walls
at a point corresponding to an electric field maximum, and the samples
passed through the center of the cavity.
One of the earliest reports of extremely rapid heating within
a ceramic material in a single-mode resonant cavity was made by
DiDomenico, Johnson, and Pentell.^

The purpose of their study

was to characterize a 73% BaT103 - 27 % SrTi03 ceramic for use as the
nonlinear element in a microwave harmonic generator.

Using a

2.3p sec. pulse of microwave energy at a power level of a few kilo
watts, they observed heating of the ceramic at a rate estimated to
be 9.5°C/u sec.

Wong-^ and Tinga, as reported by Berteaud and

Badot,^ both of the U. of Alberta, have provided the most up to
date information on the high temperature complex dielectric constants
of a number of metal oxides, including CX^O.

This information is

essential in predicting whether microwave sintering is feasible for
a given material.

Couderic, Giroux, and Bosisio, as reported

by Berteaud and Badot,~* have also reported dielectric data at
microwave frequencies for a number of inorganic materials and
oxides, such as FeCl2 and

All of the materials studied

show a sharp increase in dielectric losses above 250 to 3QQPC.
This

is

presumed to be caused by an increase in conduction losses

with temperature.

In each of these reports, however, the emphasis

has been placed on gathering information about the dielectric

p ro p e rtie s of th e m a te ria ls and

not

on microwave h eatin g o r s in te rin g .
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To date, only the French investigators A. J. Berteaud and J. C.
Badot, both together and in collaboration with others, have published
information concerning equipment and techniques used in microwave
5 18 19
sintering ceramics in single-mode resonant cavities, ’ *

Using

a tunable TE^Qn mode cavity similar to the rectangular cavity des
cribed earlier, Berteaud and Badot were successful in heating and
sintering AI 2O3 rods in as little as 10 to 15 minutes.'*

For a

typical run the 2.45 GHz microwave generator was initially adjusted
to 400 watts.

As the sample temperature and losses increased, the

power had to be decreased to prevent a runaway phenomenon from
occuring.

A stable temperature near 1700°C was obtained in an AI 2 O3

rod with a power density of approximately 100 watts/cc.

If the power

was maintained at 400 watts, the temperature of the AI 2 O3 sample was
observed to increase to the melting point in 2 to 3 seconds.

The

run-away effect was explained in terms of conduction losses which
dominate at high temperatures and increase exponentially with temp
erature.

Heating experiments using fused Si02 were also performed.

It was found that even at 1200°C the losses for fused Si02 are so
small that it was necessary to preheat the material to near 1700°C.
After preheating, the sample temperature could be maintained with a
few hundred watts of microwave power.

Temperature measurements

were made using an optical pyrometer which was sighted on the sample
through a small hole in the side of the cavity.

The optical pyrometer

indicated that an inverse temperature gradient existed within the
samples during heating and that the measured surface temperature was
well below that of the apparent internal temperature.

Sintering in
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the single-mode resonant cavity was reported to provide precise
temperature control and excellent energy efficiency.

The conversion

of electrical energy into thermal energy was estimated to be near 90%.
Thiebault, Berteaud, and Roussy-^ studied closed groove-guide
resonant cavities for microwave sintering applications.

A groove-

guide cavity is only slightly different in design from a standard
rectangular resonant cavity but normally exhibits a higher Q factor*
The Q of a cavity is a measure of its efficiency as an energy storing
device or, conversely, a measure of the intrinsic losses inherent in
the structure.

Since the effective electric field inside the cavity

is proportional to the square root of the Q factor, a cavity with a
higher Q can generate higher electric field intensities and, therefore,
allow more rapid and efficient heating.

Experimental groove-guide

cavities were built and successfully tested by the investigators.
Rods of AI 2 O3 and other ceramic materials with diameters near 30 mm
were heated to melting in less than three minutes with only 500 watts
of power supplied to the experimental cavity.
D.

L. Johnson and M. Brodwin of Northwestern University are

currently building a microwave heating system under a research grant
from the U. S. Army to study the effects of rapid sintering ceramic
materials.20

The system has been designed around a TE^Qj-mode

resonant cavity like that used by Berteaud and Badot.

A 750 watt,

2.45 GHz microwave generator will be used to supply the system.
Preliminary work on the project was conducted using modified microwave
spectrometer equipment to generate intense fields in a small section
of notched waveguide.

Even this simple system was capable of heating
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A^Q-j rods to the melting point in a matter of minutes.

Unfortunately,

the formal microwave sintering program at Northwestern University has
just begun and no further information is yet available.
It should be noted that microwave sintering of ceramics
using single-mode resonant cavities has developed beyond the feasi
bility stage.

The French are purported to haye a commercial facility

in operation which is currently using single-mode resonant cavities
to sinter AI 2 Q3 tubes for uranium enrichment applications.There-r
fore, the practicality of this process has indeed been established for
certain materials and applications.
Because of the small size of multilayer capacitors, single-mode
resonant cavities offer an alternative to microwaye ovens for sintering.
One of the biggest disadvantages of sintering capacitors in a microwave oven is the need for microwave-absorbing setters.

The intense

electric fields generated on a single^mode cavity should alleviate
any need for special setters.

This would result in increased heating

rates as well as increased energy efficiency.

Unfortunately, the

feasibility of sintering BaTiC^ ceramics, and multilayer capacitors
in a single-mode resonant cavity has yet to be proved.

The rapid

heating of BaTiO^-SrTiO^ composites near room temperatures as described
earlier is encouraging but certainly does not establish feasibility
since some materials, like CU2 O , have been found to exhibit a "cut
off" temperature above which losses decrease sharply.

If the con

ductivity of the material became too great, increased reflection of
the microwaves could also explain the decreased absorption.

Because

of the heating provided by the SiC setters in previous microwave oven
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experiments, it has not been established conclusively whether BaTiOg
will continue to show appreciable losses over the entire range from
600 to 1300°C.

Moreover, the composite conductor-dielectric con

struction of multilayer capacitors may present problems in microwave
sintering in a single-mode cavity.

Therefore, an experimental

microwave sintering system utilizing a single-mode resonant cavity
has been designed for further study.
B.

Experimental Resonant Cavity Design
The ideal heating cavity, or applicator, is that with the lowest

losses and, consequently, the highest Q factor.

A cavity with a high

Q factor would also exhibit the greatest electric field amplication.
A cylindrical resonant cavity of high Q factor would be a good choice
for an applicator; however the large frequency shift which takes place
during heating necessitates mechanical tuning of the cavity.

In the

case of a TM q ^q cylindrical resonant cavity, this would only be
possible by varying the cavity diameter which is mechanically com
plicated and impractical.^
must be used.

Therefore, a rectangular resonant cavity

Although a rectangular groove-guide type cavity

generally exhibits lower losses, a classical rectangular cavity has
been shown to be an efficient applicator and will be used in this
1O

design because of its simplicity of construction.
By choosing a specific microwave frequency, in this case 2.45
GHz, the cross-section of the experimental cavity is fixed if standard
waveguide sizes are to be used.

Since a resonant cavity is no more

than a length of waveguide shortened at both ends, it is logical that
the cavity dimensions would conform to microwave industry standards
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which have withstood the test of time.

There are only two standard

waveguide sizes designed for 2.45 GHz radiation, namely WR-340 and
WR-430.

The waveguide sizes are given in terms of American indus

trial nomenclature.

Since a larger cavity results in higher losses

and lower Q factor, the optimum cavity design should be based on
the smaller waveguide size, namely WR-340.

Because tuning of a

rectangular resonant cavity is accomplished by varying the length
of the cavity, this dimension is not critical but should be kept
as short as practicable in order to minimize losses.

In any case,

to establish resonance, the length of the cavity must be equivalent
to an integral number of half-wavelengths of the corresponding
microwave radiation.
Using these criteria, a rectangular resonant cavity operating
in the TE i q 3 mode would be an appropriate choice for an applicator
in a microwave heating system.

The mode notation refers to the

number of nodes, or maxima, in the field pattern in each of the
three mutually perpendicular directions defined by the cavity walls.
In the mode notation, TEmrig, m refers to the number of nodes along the
broad dimension of the cavity cross-section and n, the number of nodes
along the narrow dimension.

The £ refers to the number of nodes in the

field pattern along the length of the cavity.

The field distribution

within a TE^oS cavity is shown in Figure 18(a).

Along the m dimen

sion, the electric field strength increases from a value near zero
at each wall to a maximum at the center of the cavity.

In the £

direction, three nodes exist which vary sinusoidally and produce
three field maxima and four field minima.

While theoretically

each maximum is identical, the center mode is best suited for use in
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FIGURE 18

B.

DIAGRAM OF EXPERIMENTAL HEATING CAVITY.
GIVEN IN INCHES.)

(ALL DIMENSIONS
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heating a dielectric.

At this point the sample would be positioned

farthest from the cavity wall.

This would protect the cavity from

being overheated by thermal radiation from the sample.

This also

allows the excess heat to be dissipated uniformly throughout the
cavity.
Figure 18(b) gives the dimensions for a TE1Q3 mode resonant
cavity designed to sinter ceramic rods and tubes or stacks of multi
layer capacitors.
sheet.

The cavity walls are made of 1/8 inch copper

Since the primary loss mechanism in a resonant cavity is

energy absorption within the walls, high conductivity copper is used
to reduce losses and increase the Q factor of the cavity.

The

sliding wall, or short, is non-contacting to avoid arcing within the
cavity at high power levels.

The ports which allow samples to be

passed through the cavity are designed to accomodate rods and tubes
up to 3/4 inch in diameter.

The sintering of multilayer capacitors

would be accomplished by stacking the capacitors inside a fused Si02
tube and either supporting the capacitors with fiber insulation or
embedding them in Zr02 sand.

The capacitors would have to be sep

arated in some way to keep them from sintering together.

This problem

might be solved by dusting the capacitors with ZrC>2 flour before
stacking.

The capacitors would be sintered by passing the loaded

tube through the cavity.

The SiC>2 tube would be essentially trans

parent to the microwaves and allow absorption by the capacitors.
To protect the fused Si(>2 tube from softening or recrystal
lizing during heating, a refractory paper lining may be necessary
to reduce thermal radiation from the samples.
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The coupling aperture is also extremely important in building an
efficient microwave heating system.

The design, size, and location

of the coupling aperture determines the energy transfer efficiency
between the resonant cavity and the waveguide connected to the
generator.

A poorly designed aperture will not transmit the incident

energy into the cavity but instead will cause it to be reflected
back to the generator.

Most apertures consist of rectangular slots

or circular irises in the wall between the transmitting waveguide and
cavity.

Unfortunately, aperture design is so highly unpredictable for

real systems that most apertures have some form of adjustability to
arrive at optimum coupling.

Berteaud and Badot haye been successful

in using circular irises but have not disclosed whether the irises
were adjustable, or fixed and used in conjunction with additional
5 18 19
tuning devices. * ’

It is most likely that the latter method was

used because adjustable irises are mechanically complicated.

If stub

or E-H tuners are used as matching devices in the waveguides preceding
a fixed aperture, adjustments can be made to optimize coupling into
the resonant cavity.

21

Specifications for the present experimental

design call for a circular iris, approximately 1.43 inches in diameter,
to be used as a coupling aperture.

The iris is to be cut from 1/8

inch th ic k copper s h e e t. In o rd er to a d ju st th e ways p a tte rn fo r
optimum coupling, an E-H tuner and a triple stub tuner are to be
mounted between the waveguide and the coupling iris attached to the
resonant cavity.

It may be of interest to note that Johnson and

Brodwin have chosen to use a rectangular slot for a coupling
aperture in their experimental microwave heating system.

20

Their

system also includes a slotted line stub tuner for controlling
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coupling efficiency.
A schematic of the complete experimental microwave sintering
system is shown in Figure 19.

The system is equipped with a 1.5 kw,

2.45 GHz, microwave generator to supply energy to the resonant
cavity.

The power supply contains a variable attenuator for operating

the system at reduced power levels.

This will allow the system to be

tuned without operating at excessive power levels which could result
in damage to the generator, arcing in the waveguide sections and
heating cavity, or overheating the dummy load.

A commercial ferrite

circulator is a necessary component of the system to protect the
generator from reflected power.

The circulator is a three-port device

which routes incident microwave energy to the next adjacent port
without allowing any reflected energy to travel backward through
the circulator to the generator.

During operation, microwaves from

the generator enter the circulator and are directed toward the heating
cavity.

Any energy not absorbed by the samples in the cavity is

reflected back to the circulator and directed toward the dummy load,
which consists of a microwave absorbing material to dissipate the
energy.

Since many ceramic samples will not exhibit sufficient

dielectric or conduction losses at room temperature to absorb an
appreciable quantity of incident microwave energy, the circulator
will prevent the reflected power from being transmitted back to the
generator.

To monitor coupling efficiency and aid in tuning, a

reflected power meter will be included between the circulator and
resonant cavity.
and

In addition to the reflected power meter, the E-H

t r i p l e stub tu n e rs a re

also

placed between the c ir c u la to r and

the

Heating
Cavity

FIGURE 19.

SCHEMATIC OF EXPERIMENTAL MICROWAVE SYSTEM

resonant cavity.

Standard WR-340 waveguide is used throughout the

system.
Cost estimates have been obtained for the experimental microwave heating system described.

Cober Electronics, Inc., has quoted

a price of $13,000 for the entire system excluding the resonant
cavity and dummy load.
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The cost for custom building the single

mode resonant cavity according to the given specifications was
estimated by Wavetronics, Ind. , to be approximately $900.

Additional

equipment, such as the dummy load, fused Si02 tube, tube feeding
system, and a detector for monitoring radiation leakage could cost an
additional $2,000.

Therefore, the total design cost for the system

is estimated to be approximately $16,000.

A sizable capital invest

ment such as this must be recognized as a primary disadvantage of any
microwave heating system.

However, the proven energy efficiency and

potential for drastically reduced operating costs that are associated
with a microwave heating system would seem to justify the high
initial equipment cost.
Proposed operation of the single-mode resonant cavity heating
system can be described as follows.

The initial step would involve

tuning the transmission line for optimum coupling into the cavity
while loaded with a good microwave absorbing material.

Using low

power levels, the E-H and stub tuning sections would be adjusted to
produce a minimum in the reflected power as measured by the reflected
power meter.

Next, the heating cavity would be tuned to resonance

by observing changes in the heating rates of samples depending on
the position of the sliding short.

Tuning of the cavity is not
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independent of aperture tuning and, thus, both tuning steps may have
to be repeated a number of times to achieve optimum conditions.

A

more accurate means of tuning the cavity would be to introduce a
probe connected to a SWR (standing wave ratio) meter through the
sample port and adjusting the short for a maximum reading.

This

would require additional expense for the added equipment, however.
Following the initial tuning of the unloaded cavity, the generator
should be shut off and the loaded sample tube introduced into the
cavity.

While introducing ceramic samples into the cavity will un

doubtedly result in having to retune the cavity, the initial tuning
would at least provide a point of reference.

Once the cavity has

been retuned, the power level can be increased and the tube lowered
or drawn through the heating zone.

After sintering temperatures are

reached and thermal equilibrium established, further tuning should
be unnecessary.

The temperature of the sample will be measured using

an optical pyrometer sighted on the sample through the 3/10 inch
diameter hole in the cavity as shown in Figure 18(b).

The speed

at which the ceramic sample or filled Si02 tube should be moved
through the cavity will be determined empirically.
Safety is another important aspect of the system design which
cannot be neglected.

Unfortunately, a small amount of radiation

leakage is unavoidable in most microwave systems.

In this particular

design, the greatest safety concern involves potential radiation
leakage from the openings machined in the heating cavity.

The 0.781

inch diameter brass pipe which extends 6 inches from the cavity walls
has a calculated cutoff frequency of approximately 15.0 GHz.
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other words, if the pipe is considered equivalent to a circular

In
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waveguide of the same diameter, radiation with a frequency below
15.0 GHz, should not be propagated.
escape from the pyrometer port.

Similarly, no radiation should

In any case, the system should be

probed for leaks periodically and appropriate design changes made to
protect operators from exposure to high levels of radiation.

United

States government safety standards set the maximum permissible radi
ation density for human exposure to be lOtmW/cm^.^

Safety is one of

the stumbling blocks that must be overcome if microwave heating is
to gain universal acceptance in industry.
C.

Future Work
Electrode orientation may very well become critical in sintering

multilayer capacitors in a single-mode resonant cavity.

Normally,

the maximum electric field intensity within a single-mode cavity is
orders of magnitude greater than that present in a multi-mode microwave oven cavity.

Therefore, the large variations in field strength

that exist within a single-mode cavity can result in arcing between
various parts of the cavity.

The sharp corners and edges associated

with a sliding short can be particularly conducive to arcing at high
power levels.

Likewise, arcing between the electrodes of a multilayer

capacitor could also occur during beating in a single-mode resonant
cavity depending on the orientation of the electrodes with respect
to the electric field.

It is hard to predict how a giyen electrode

orientation will effect the sintering of a capacitor, but heating with
the electrodes perpendicular to the direction of the electric field
would seem to be the preferred orientation.

If the electric field

is perpendicular to the surface of the conduction electrodes, the field
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should be uniform throughout the ceramic dielectric since no special
boundary conditions are imposed on the electric field at each electrode
surface.

If the electric field is parallel to the electrode surface,

however, according to theory, the electric field at the surface of the
conductor must be zero.

23

With this configuration, then, the electric

field would be a maximum at the center of the dielectric layer and
decrease to zero at each electrode.

Because each dielectric layer

is extremely thin the electrodes would effectively shield the dieelectric material and reduce the magnitude of the electrid field
inside the dielectric.
similarly reduced.

Therefore, heating of the capacitor would be

A series of experiments designed to study the

effects of electrode orientation should be considered for future
investigation.
Currently, precious metal electrodes are used in commercial
capacitors to avoid oxidation of the electrodes during sintering
in air.

If the capacitors, could be sintered under highly reducing

conditions, precious metal electrodes could be replaced with less
expensive materials.

In the present microwave sintering system,

the fused SiC^ tube which is used as a sample holder could be sealed
on each end and a mixture of reducing gases passed through the tube.
Under these reducing conditions, sintering experiments could be run
utilizing multilayer capacitors containing base metal electrodes.
A microwave sintering system would appear to be ideally suited for
densifying samples under controlled atmospheres.
As mentioned earlier, the energy efficiency of the process is
also of vital importance and should be studied extensively.

Commercial
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capacitors are currently sintered in electric tunnel kilns which is
not only a relatively inefficient process but also expensive due to
the high cost of electrical energy.

The greatest cost in manufacturing

multilayer capacitors are associated with the precious metal electrodes
and energy used in sintering.

Microwave sintering may provide

substantial reductions in these major manufacturing costs and should
be thoroughly studied with these points in mind.
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